Logic gates are fundamental building blocks of silicon circuitry. Current technology used in integrated circuit design is fast approaching its physical limits, and this "impending doom" scenario [1] has led many to consider potential alternatives in information processing. Bottom-up approaches, including molecular mimicry of logic gates with ion-responsive molecules, have received considerable attention since 1993, following the pioneering work of de Silva et al. [2] In nearly two decades, all 16 fundamental logic gates [3] and higher functions such as half-adder/subtractor, [3, 4] multiplexer, [5] password protection, [6] encoder/decoder, [7] and sequential logic [8] were demonstrated. These higher functions require considerable degrees of integration or concatenation between logic gates if they are to be implemented using standard practice of semiconductor technology. We also appreciate the fact that molecular logic need not be confined within the reigning paradigms of silicon-based information processing. Nevertheless, physical integration of chemical (molecular) logic gates is especially important for rational design and implementation towards advanced molecularscale computing. However, with chemical logic gates, almost all of the integration or concatenation is "functional". In other words, the outputs at various channels (for example, at different wavelengths) are typically analyzed, and a concatenated set of logic gates is then proposed to be acting on the inputs to generate the apparent output sequence. A more fitting term for this class of integration might be "virtual". While this approach is highly convenient and reconfigurable/ superposed logic gates can be quite useful, it is nevertheless obvious that, at some point, there has to be simple and general methodologies for physically (as opposed to virtually) bringing together independently working molecular logic gates to function together as concatenated/integrated logic gates.
Previous work toward concatenated logic gates was often based on enzymatically coupled systems. [9] While these systems involve interesting reinterpretations or rewiring of enzymatic pathways and other biomolecular interactions, we will need to have more general and broadly applicable methodologies for de novo concatenation on the way to more capable integrated systems.
In recent years, a few examples of chemical cascading, or integration schemes, were proposed. [10] In a promising recent report by the Raymo and Credi groups, [10c] a merocyanine derivative that photochemically produces hydrogen ions was linked to a ruthenium complex, resulting in a serial connection between two logic operations. However, clear demonstration (with non-additive inputs and large digital-on-off changes) of independently existing and functional logic gates, physically coupled together and thus functioning in an integrated fashion, remained elusive. Herein, we propose two possible ways of achieving integration of independently functioning chemical logic gates: one approach makes use of the inner filter effect (IFE), which is modulated photochromically, and the other one is based on increased efficiency of Fçrster type intramolecular energy transfer (excitation energy transfer, EET) compared to the intermolecular energy transfer (other factors remaining unchanged). Utility of IFE in molecular logic was shown earlier; [11] in that work distinct compartmentalization of the logic molecules was needed, and this was achieved on a macroscopic level by placing them in separate cuvettes. In our IFE-based approach, we chose thionine as the photochromic agent (Scheme 1). Thionine, although not utilized in any logic gate design to date, could be highly useful in optical concatenation of logic gates. Thionine in the purple-colored solution (absorption maximum at 590 nm) can be photochemically reduced by many mild reducing agents, such as sodium ascorbate, to yield the colorless leuco form. The clear solution with a higher transmittance ( Figure 1 ) will allow sufficient intensity of light at another wavelength (560 nm) to interrogate the second logic gate (and serve as an input) present in the same solution.
Herein, the first independent AND logic gate is the thionine molecule: the output is the transmitted monochromatic light at 560 nm. This output will be high only if both photonic inputs, that is, broadband white light and 560 nm light, are introduced to the system. (Figure 2 ). The other AND logic gate we propose in this scheme is related to compound 2 (Scheme 2). It is a styryl-bodipy derivative with a dipicolylamine (DPA) group tethered at the meso- (8) position. Its fluorescence is quenched through an efficient photoinduced electron transfer (PeT) process, but high emission intensity is recovered when certain metal ions such as Zn II are added. Both inputs (light at 560 nm and Zn II ions) need to be high for output to be high (1) . Naturally, this second AND gate works independently as well. When we bring together these two gates in solution, the output of the first gate (thionine) will be one of the inputs of the gate 2. Thus, in the mixture of two AND logic components, the two gates are integrated through photochemical modulation of the inner filter effect. Reversibility of the photochromic response was clearly demonstrated (Figure 3) . It is also important to show Scheme 1. Reversible photochemical conversion of thionine into the leucothionine form. DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.
[*] R. Guliyev, [+] Prof. Dr. E. U. Akkaya that with broadband white light alone, the emission from the gate 2 (styryl-bodipy) has to be low, and this result has been demonstrated as well. On standing at room temperature in the presence of excess ascorbate, the oxidized form can be accessed by the addition of DDQ or by air oxidation. It is interesting to note that DDQ and ascorbate do not react directly under the conditions of the study. In summary, two independent AND logic gates can be coerced to work in an integrated fashion by simply mixing them in solution.
The idea of using excitation energy transfer for the integration of logic gates was proposed in a conjectural article. [12] In our energy transfer (EET) based approach however, two chemical gates were again designed to act separately and independently as two distinct AND gates, without interference or cross-talk. The design of these chemical logic-gate molecules includes "clickable" azide and terminal alkyne units. The first AND gate is the same as the second one used in the previous scheme (compound 2). The other is also a monostyryl derivative (7), but since it has an azathiacrown moiety attached through its amine nitrogen atom (essentially a dialkylamino group), increased chargetransfer characteristics lead to longer-wavelength absorption and emission (Figure 4 ). Compound 7 also acts as an AND logic gate, with a photonic (light at 580 nm) and ionic (Hg II ) input. Only when both inputs are present is strong red emission at 660 nm produced. When compounds 2 and 7 are "clicked" together with Huisgen cycloaddition, the obtained product (8) is in fact an ion-modulated energy-transfer cassette. In this molecule, the photonic output at 660 nm is only generated when all three inputs (hn l = 560 nm, Zn II , and Hg II ) are present (high). In all other combinations, the emission at 660 nm is low ( Figure 5) . The emission at the red channel is dependent on the PeT efficiency of the module derived from the first logic gate (2) . The excitation at 560 nm results in excitation of that particular fluorophore, but in the absence of Zn II , energy transfer efficiency is drastically reduced. When Zn II is present, PeT is blocked, and excitation energy is transferred to the second module. This energy transfer is evidenced both by quantum yield (2 vs. 8, the donor data) and lifetime changes ( Table 1 ). The emission quantum yield of the donor module 2 is 0.1 (due to effective PeT), but increases to 0.71 on Zn II addition. In the "click" integrated logic molecule 8, the donor is hardly emissive (F F = 0.002, owing to effective Fçrster type energy transfer). The second module (acceptor) derived from compound 7, even when energy transfer is effective, does not fluoresce brightly because of strong intramolecular charge transfer chargedonor characteristics of the dialkylamino group. When the final input (Hg   II   ) is added, then strong red emission is observed ( Figure 5 ).
Since the ligands in both of the logic gate modules are highly selective, there is no crosstalk; the metal ions do not interfere or target the "wrong" ligand at the concentrations of the study, at least to an extent to cause problems in signal Figure 3 . Reversibility of the thionine photochromic response. The reduced leuco form of thionine (12.5 mm) , which is produced by photochemical reduction, can be transformed back to the original chromophore by DDQ oxidation. The reduction-oxidation cycling can be repeated many times in the presence of the second logic compound 2 (2.2 mm). evaluation. Binding constants of the ligand-metal ion pairs support this argument and were reported.
[4n] The absorbance spectra obtained for the integrated logic compound 8 under various conditions (Figure 3) shows this result unequivocally. Zn II ions do not bind to the azathiacrown ligand.
In conclusion, energy transfer (EET) and modulation of the inner filter effect (IFE) offer two possible methodologies for concatenation of two logic gates. The EET approach is particularly appealing because it involves physical connection of two logic gates through a chemical reaction. There are still issues to be addressed, such as the maximum number of gates that can be integrated based on an EET approach, but even the slightest improvements in mimicking silicon circuitry may yield huge leaps of advance owing to the molecular nature of these particular designs.
[3k] While other approaches, including self-assembling components, are possible, we are confident that clickable molecular logic gates are highly promising. Demonstration of more complex examples of physically integrated logic gates is to be expected. Our work along those lines is in progress. 
